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BESEARCH MEMORANDUM
THE USE OF AREA SUCTION FOR THE PURPOSE OF DEIAYING SEPARATION

OF ATR FLOW AT THE IEADING EDGE OF A 63° SWEPT-BACK WING

By Wocdrow L. Cook, Roy N. Griffin, Jr., and
Gerald M. McCormack

SUMMARY

An investigation was conducted to determine the effectiveness of area
suction used toc delay the separation of air flow at the leading edge of a
63° swept-back wing. Changes in 1ift s drag, and pitching-moment data were
correlated with the occurrence of the separation of the air flow by means
of pressure—distribution data. The major portion of the investigation
dealt with the delay effected in air-flow separation from the leading edge
as the chordwise extent of area suction was varied, suctlion belng applied
over the full span through a surface of constant porosity. Some tests
were made with the degree of porosity varied chordwise.

The effectivensss of area suction and its applicability to three—
dimensional swept wings were verified by the lmprovements made on the static
longitudinal charscteristics of the wing. The largest improvements were '
made with the chordwise extent of ares suction varied approximately linearly
from about 1.2 percent of the streamwise chord at the rcot to 3.5 percent at
the TS5—percent span and then held constant at a value of 3.5 percent from
75—percent span to the tip. With this distribution of area suction separa—
tion occurred at & 1ift coefficient of 0.67 with a flow coefficient of
0.0029, whereas without suction separation occurred at a 1ift coefficient

of 0.25.

Correlations betwsen experimentesl resuits and theory were made. It
was found that the spanwise and the chordwlse extent of area suction
required to control lesding—edge separatlion were in general agreement with
that predicted by theory, but the quantity of flow required was consider—
ably higher than predicted by theory. ’

INTRODUCTION

A previous investigation (reference 1) has shown that the 63° swept—
back wing under study has umsatisfactory longilitudinal characteristics

CONEITENTIAL -



2 CONNERIN NACA RM AS0HO9

. (1ift, drag, and pitching moment) beginning at a wing 1ift coefficient

of about 0.2, These characteristics were belleved to be the result of

. separation of air flow at the leading edge of the wing (hereafter called
' leading-edge separation). At this lift coefficilent, separation started

" at the tip sectlons and, as the sngle of attack was increased, rapldiy

. progressed spanwise toward the root of the wing. The occurrence of sep—
- aration and 1ts progression caused lerge increases in the rate of drag

rise. Also, the pitching moments indicated first a rapid movement of

_ the aerodynamic center from the 38—percent station of the mean aerodynamic

chord to the 60-percent station at a lift coefficient of O.%. This was
followed by a more rapld forward movement of—the asrodynamic center to a

“point 12 percent ahead of the leading edge of the mean asrodynamic chord

as the 11ft coefficlent was increased to about 0.6.

The theory of reference 2 Indicated that the occurrence of—leading—
edge separation could be eliminated by Increasing the stability of the
lemirer boundary layer with the removal of-extremely small quantitles of

"air from the boundary layer by applying continuous suction through a
~porous surface. According to the theory, this type of boundary—layer

B wing span, feet

control (area suction) should be applied at the leading edge where addi—

~tioual-type lift due to angle of attack produces severe adverse pressure
-gradients that are conducive to an unstable leminer boundary layer and
.hence to separation. Two—dimensional tests (reference 3) have at 1east
.qualltatively verified the theory.

The applicabillity of the theory to the three—dimensional case had

2not been studied experimentally. Many questlions exlsted and, In particuler,
-the question regarding the influence of- the snanwlise flow of the boumdary—

layer air,characteristic of swept wings, on the effectiveness of area
suction. Therefore, to exasmine, in general,the effectiveness of such
boundary—-layer control appllied to swept wings and, in particular, to
determine the improvements that could be mads on the longltudinal charac—
teristics of the 63° swept-back wing, an investigation was conducted in

the Ames 40— by 80—foot wind tumnel. The results of the investigation

are presented 1n this report.
NOTATION

The data are presented in the form of standard NACA coefficients and

symbols which are deflned as follows:

a.c. aerodynamic center measured in percent chord aft of the leading

edge of the mean aerodynamic chord

[ chord, measured parallel to the plane of symuetry, feet

AllliiiiillIL
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section 1ift coefficlent < -:CE f P dx cos & —
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(o]
section normal-—force coefficient < -1; f P d.x>
o

wpth
porosity factor for the porous material ( —Z%—), square feet

dra
drag coefflicient <_93§>

1ift coefficient < l—;‘;—t)

plitching—moment coefficieﬁt computed about the gquarter—chord
pitching moment)
gsc

point of the mean asrodynamic chord <

Tlow coefficlent <Q_>
Us
5*
shape pa.rame’ber(-e—>
free—stream static pressure, pounds per square foot

local sgtatic pressure, pounds per square foot

P — P
alrfoil pressure coefficient (-Z—q—->

free—stream dynamic pressure, pounds per square foot

volume of air removed through porous surface, cubic feet per
second based on standard density

Reynolds number @5)

wing area, square feet
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airfoil thickness, feet, or thickness of the porous material, feet

local velocity parallel to surface and inside boundary layer,
feet per second

local velocity parallel to surface at outer edge of'boundafy layer,
feet per second .

maxinum local veloclty, feet per second '

suction-eir velocity normal to surface, feet per second

velocity normal to the surface as a function of x, feet per second
free—stream air velocity, feet per ceccnd' -

chordwise coordinate parallel tc plane of symmetry,ifeef

spanwise coordinate perpendicular to.plane cf symetry, feet

ordinate to airfoil surface normal to chcrd line and boundary-—
layer coordinate normal to the surface, feet

angle of attack of chord plane of basic wing, degrees

o
displacement thickness [f( -%) dz }, feet
' o

pressure drop across porous material,'pounds per sQuare foot

i

momentum thickness f 2(1-% )az |, feet
o U U

coefficient of viscosity, slugs per foot—second

kinematic coefficlent of viscosity, square feet per second

MODEL AND APPARATUS

The geometric characteristics of the model are shown tn figures 1,

2, and 3. The wing had 63 sweepback of the leading edge, an aspect ratio
of 3.5, and a teper ratio of 0.25. There was 0° twist, dihedral, and
incidence. The wing sections were constant across the span and were RACA
648006 sections parallsl to the plane of symmetry.
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The fuselage had a fineness ratlo of 10.5 based on actual fuselege
length. The cross section of the fuselage was clrcular except where the
elr—exhaust duct projected beneath the lower surface. A photograph of
the model as mounted for testing in'the wind tunnel is shown in figure k.

The leading—edge portion of the wing was constructed of a contlinuocus
metal-mesh sheet extending from 5 percent of the streamwise chord on the
lower surfece of the wing to 20 percent of the streamwise chord on the
upper surface. The mesh sheet was 0.0l inch thick, had 1600 holes per
square Ilnch, and had 19—percent open area. Ailrcraft linen tepe and linem
tape which had been sprayed with varying numbers of coats of aircraft dope
were used to cover that portion of the leading edge where suction was to
be applied. The portion of the leading edge where suction was not to be
applied wes covered with a nonporous cellulose tape of 0.0032—Iinch thick—
ness.

Calibration tests were made of the flow resistance of the porous
materials used on the leadlng edge of the wing. These tests were made
with no flow tangential to the surface. The calibration curves for the
porous materials used are shown in figure 5. From the figure, it can be
seen that, for the plain limen surface, a pressure differential of 45
pounds per square footl was required to induce a velocity of 4 Peet per
second through the surface, and for the linen surface sprayed with 5
coats of dope a pressure differential of 145 pounds per square foot was
required to Induce the same veloclty.

The pump for creating suction was installed inside the fuselage. It
was & high—speed centrifugal compressor driven by a variable—speed electric
motor.

The air was induced through the porous leading edges of the wings,
continued through the spanwise ducts, and was dumped into the fuselage,
which was sealed to the outslde and served as & plenum chamber in the
gsystem. The alr was then drawn through the pump and was ejected through
the exhaust duct beneath the fuselage.

To mesasure the quantity of air flowing through the system, survey
rakes were used. The rakes were composed of 54 total-pressure tubes and
6 static—pressure tubes and were located 3/h inch inside the exit of the
exhaust duct.

Internal pressures within the leading-edge duct were measured with
static-pressure orifices. Since thg velocities of the aiy Inside the duct

—10

1Phis corresponds to a porosity factor of Cwgy = 0.50k x 10 feet
squared, assuming constant porosity through the 0.018~inch thickness
at standard atmospheric conditions.

—1
2This corresponds to a poroslity factor of v, = 0.1564 x 10 © feet
squared.
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were very low, the indicated static pressures were assumed to be substan—
tilally equal to the total pressure.

Statlc pressure orifices were positioned over the upper and lower
surfaces of streamwlse sections located at five statians from 30.0— to
90.0~percent semispan, The spanwise and chordwise positions of the ori-—
fices are listed in table I.

TESTS

Force and pressure—distribution measurements were made through an
angle—of-attack range at zero sideslip. The data were obtained st a
velocity of approximately 63 miles per hour (Reynolds number of 4.9 x 10°
based on & mean aerodynemic chord of 8.64 feet). The tests were mede at
low velocities in order to obtaln a higher flow coefficlent for boundsry—
layer control.

The majority of the tests were conducted with ares suction applied to
the entire span of-the leading edge of the wing with porosity of the sur—
face kept constant and with the chordwise extent of suction being the
variable. Limited tests were made of the effect of varying the porosity
of the surface chordwise with full—span area suction and of the effect of
varying the spanwlse extent of area suctlion with the porosity and thses
chordwise extent of area suction held constant. Of the configurations
tested, those to be discussed herein are listed in the table, figure 2.

CORRECTIONS

Standard tumnel-wall corrections for a stralght wing of the same area
and span a8 the swept-back wing have been applied to angle—of-attack and
drag—coefficient data. This procedure was followed since & brief approxi-—
. mate analysis indicated that tunnel-wsll correctiaons were approximetely
. the same for stralght and swept wings of the size under comsideration. The
corrections applied asre as follows: ) . :

M = Ol)+8 CL

ACp = .008% Cp®
No corrections have been applied for the drag and interference of the
struts since they wers unknown. Pitching-moment tares were not applied
since they were mot of sufficient magnitude to significantly affect the
results. All flow coefficients were corrected to standard sea—level tem—
rerature conditions. No corrections were made for the jet effect of the _
exhause alr since calculations indicated that the corrections would be
very smeall.
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RESULTS AND DISCUSSION

Bagic Wing

The 1ift, drag, and pitching—moment characteristics of the 63°
swept—back wing of this test are shown in figure 6 and are very similar
to the resulte discussed in reference 1. Up to a 1lift coefficlent of
about 0.25, the drag increased at the normsl rate (as induced drag) and
the 1ift curve and the pitching-moment curve were approximately linear.
From this 1ift coefficient to the meximum 1ift coefficient of sbout 1.27,
the drag Increased at a high rate and the lift—curve slope first increased
and then decreased as maximum 1ift was approached. Between 1lift coeffi—
cients of sbout 0.25 to 0.4, the pltching-moment curve indicated that the
aerodynamic center moved aft from the 38-percent point of the mean aero—
dynamic chord to the 60—-percent point. As the 1lift coefficient was
increased sbove 0.4, the aserodynamic center moved very rapidly forward to
a positlion 10 percent shead of the leading edge of the mean aerodynamic
chord. '

A study of the pressure distributions (fig. 7) showed the cause of
the poor longltudinsl characteristics Jjust described. The pressure dis—
tribution followed a similar pattern at the wvarious spanwise stations.

As the angle of attack was Increased gbove a certain angle at each
stetion, the rate of rise of the pressure peak at the leading edge
decreased (e.g., by 6.2°0 angle of attack, the rate of rise of the pesk
pressure had already decreased at the 9Q0—percent station), resulting in a
slight decrease in section lift—curve slope as shown in figure 8. At a
slightly higher angle of attack, a maximum peak pressure was reached.
Further increases in angle of attack resulted in a decrease in the mag-
nitude of the peak pressure and a chordwise redistribution of the section
loed (e.g., by 7.20 angle of ettack, the maximum pesk pressure had been
reached and exceeded at the 90—percent station although it had not yet
fallen to that existing at 6.2° angle of attack), resulting in an increase
in section lift—curve slope and a rearward movement of the center of
pregsure. These changes are bellieved to result from separation of the
air flow from the wing leading edge. Comparison of pressure distribu—
tions obtained in this investigation with those of reference 4 obtained
from two—dimensional tests of the same section shows marked similarity.
Following the analysis of reference 4 it can be presumed that here also
the separatlon was occurring in the laminary boundsry layer and, at the
angle of attack where separation first appeared, was followed by reattach—
ment of the air flow., As the angle of attack was further increassed, the
point of restiachment progressed chordwise until separation occurred over
the entire chord (e.g., at 90—percent span o ¥ 9.2°)., This chordwise
progression of separation was similar at each station but occurred at
pProgressively higher angles of attack for the stations farther inboard.

The effect of separation on the section characteristics at various
spanwise stations can be correlated with the comsequent changes in the



8 L A | NACA RM ASCHO9 |

longitudinal characteristics. Since both the previocusly mentioned
increase in section lift—curve slope and the previously noted chordwise
redistribution ofsection load occurred first at the outboard sections,
there resulted a large rearward movement of the aerodynamic center as
the engle of attack was increased from 5° to 8°., As separation moved
farther inboard, the lift of the outboard sections decreased, resulting
in the repid forward movement of the merodynamic center. The pressure
distributions show that the spanwise progression of separation from tip
to-root was relatively rapld, being completed within an angle—of-attack
increment of 6° or 7°

From the fors cing, it 18 evident that the large movements of the

serodynamic center and the large increases in dreg were the result of
leading—edge separation. Therefors, significant improvement would result
if the occurrence of seperation were delayed by the application of area
suction at the leading edge of the wing.

Principle of the Application of Area Suction

_ In view of-the reasoning of the previous section, & study was made
of the theory of area suction fdr the two—dimensional case and a method
was developed to enable application of this type of boundary—leyer control
to the 63° swept—back wing. The basic theory of srea suction has been
develoned by Thwaites and the procedure for 1ts applicaiion to the two—
dimensional case 1s demonstrated In reference 2. The theory gives, for a
degired 1ift coefficlent to be obtained without separation, the required
chordwise extent of area suction and the required velocity of the suction
air normel to the surface. It was assumed In the theory that the suction-
air velocities were equal at all chordwise points. The veloclity so deter—
mined 1s that required to maintain e Blasius boundary=iasyer profile through
any glven adverse veloclty gradient. It 1s then reasoned thet it-is
necessary to have suctlon extend chordwise on an alrfoil section only to
that point where the adverse velocity gredient corresponding to the
desired 1ift coefficilent 1s no more severe than the maximum velocity gradi—
ent reached without area suction Just prior to separation. .
Applying the theory to the data of reference 3 gubstantiates this
reasoning. In reference 3 it was found that the most efféctive chordwise
extent of area guction for the meximum section 1lift coefficient was L4.5
percent of the chord. This ls the same chordwise extent that would be
estimated by the method used in conjunction with the foregoing reasoning.

Before the section theory casn be applied to a three—dimensional wing,
a method must be developed to- determine the required spanwise extent of
area suction. In doing this, it is necessary to determine the section 1lift
a8t which sepasration first occurs at each spanwise station and then to
.£ind the section 1ift coefficients for each station corresponding to any
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desired wing 1lift coefficlent. Thus, ‘the necessary Increment of section
1lift is established and, with the assumption that each statlion can be
treated independently, the chordwise extent of area suctlon at any span—
wise polint required can be determined.

For the 63° swept—-back wing, the spanwlise progresslon of separation
was obtained from the pressure distributions of the basic wing. This
progression of separation 1s shown in figure 9 by the dashed line passing
through the section 1ift coefficient at each section Just prior to separa—
tion at that section. Theoretical spanwise variations of section 1lift for
the wing (obtained Prom reference 5) are shown in the figure for four
values of wing 1ift coefficient in order to demonstrate the spanwise
extent of suction necessary for each 1lift coefficient. For a wing lift
coefficient of 0.25, the dashed line does not cross the span loading line;
hence no suction is needed. TFor a wing 1ift coefficient of 0.4, the
dashed line crosses the span loading line at 50—percent span; hence suction
1s necessary over the outboard 50-percent span of the wing. For wing 1ift
coefficients of 0.5 and 0.62, the dashed line does not cross the span—
loading curves outboard of the fuselage; hence suctlon is nscessary over
the full span of the wing.

After determining the spanwise extent of area suction required to
reach a given 1ift coefficient without separation, it is necessary to find
the chordwise extent of area suction requlred at each of the various sta—
tions. This is accomplished by calculating for each statlion the pressure
or velocity distribution that would exist Just prior to separation at the
section without suction, and also that which would correspond to the
desired wing 1ift coefficient with separation prevented by suction. With
the velocity distributions known, the method of reference 2 can be applied
to find the chordwise extent of area suction required at each station.

To illustrate 'bheoforegoing procedure quantitatively, a sample of the
method used for the 63  swept—back wing is included. The station for which
the required chordwise extent of area suction is to be determined is the
T5~percent—span point, and the 1lift coefficient to be attained without
separation is 0.62. Shown in figure 10 are (a) the velocity distribution,S

SThe velocity distributions are calculated normel to the leading edge in
this report. An unpublished analysis shows that the theoretical pres—
sure distributions calculated by the method given in NACA Rep. 833
(reference 6) can be ad Justed for the effects of sweep by use of the
following equation for the upper surface pressures for & symmetrical

section: : ,: o P 2
P = |1 ={ ~— 8 ]
11 <Uo + CZ K m) cos2 AZ

where Pu 1ls the upper surface pressure and Py 1is the pressure due to
edditional 11f£t, 1
K =

Jg- Py cos2 Ay d(x/c)
A} 1s the sweep angle for locus of constant percent chord points and
U/Uo is the local velocity ratio due to basic airfoil thickness.

SO T
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Just prior to separation at the sectian (c; = 0.45, Cp, = 0.34); and (b)
the velocity distribution for the desired sectlion 1ift coefficlent at the
sectlion (cz = 0.81, CL = 0.62). Since 1t is difficult to determine the
exact point of the chordwise extent of area suction by the reasoning of
Thwaites from a comparison of very steep adverse pressure gradlents, the
following conservative and simplifying approximation was made. A hori—
zoutal line was drawn from the maximum velocity point of curve (a) to
intersect curve (b) and thus define the chordwise extent of suction. It
is evident that the extent of area will be slightly greater than that
predicted by Thwaites. In this case, the chordwlse extent of suction was
found to be 2.7 percent of the chord. This procedure has been epplied to
the other wing stations and for other wing lift coefficiepts. The results
are glven in figure 11 and show that, as the section is nesarer the tip,
the required chordwise extent of suction 1s greater for any given 1lift
coefficient. : ' o N
The theory can then he used to determine the suction—air velocitiles
at various spanwilse stations required to mesintein unseparated flow to a_

glven 1lift coefficlent. With the spanwise and chordwilse extents determined,'

the total-flow coefficient required can then be found. In reference 2
(see also the appendix herein) a relation is developed between a velocity
gradient and the suction-air velocity required to maintain a Blasius _
boundery-—leyer profile in that veloclty gradient. The equation expressing
this relation is as follows: '

2

v?° - h.53453 <UU log g = o + 1)
max max max max
where - _ -
Vo suction—alr veloclty measured normal to the wing surface
U local velocity parallel to the wing surface

Umax maximum local velocity

A plot is meds In the form of U/Upsy as & function of x/c of the
section velocity distribution at the desired 1ift coefficient. In this
same £igure U/Irmax " 1s plotted as a function of the new parameter
xw o : Co ' .
2 by means of the previously given relation. The ebscissa scale is

V Umax
chosen so that the resulting curve is at least as steep at all polints as
the curve of the sectlon velocity distribution. The suction velocity can
be determined by the use of the relation between the abscissa scales in
the following manner:

2 : 2
xw, .x _ C¥ ]
V Umax ¢ VUpax

b
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For a given section 1lift coefficient

CW02 K

-V Umax

where K 1is a numerical value (the absolute value of ratio of the
of the abscissa scales), from which

2

2 v /Uo
Yo =KE!- Umax KUT
(o]

where 1, 18 the free—stream velocity normal to the leading edge and

then
U 1
o = Y% /é (u—) R
S‘max

where R 1s the section Reynolds number. As previously noted, the theory
assumes that thils suction—sair velocity is constant for ell1l chordwise points.
Hence, when this veloclity has been determined for each spanwise station,

the total flow quantity can also be determined.

An exsmple of the application of the foregoing procedure is givem in
figure 12. These results are for the same station (75-percent span) and
the same wing lift cosfficient (Cp, = 0.62) as used in the example 1llus—
trating the determination of the chordwise extent of suction. Applying
the procedure to all spaenwise stations gave a flow coefficlent of 0.00005
for the wing of this Investigation for a wing lift coefficient of 0.62.

A comparison of the flow coefficients found necessary experimsntelly
in the subject investigation with those predicted by the foregoling process
could not be expected to show good agreement. It must be pointed out that
in a majority of the tests the model was constructed with a surface of
constant porosity. Hence, with consteant internel pressures, the suction—
air velocity would vary chordwlse since the extermal pressure varies chord—
wilse. To take this variation into account, it can be assumsed that the
suctlion—air velocity found by the theory would be the wvelocity required at
the leading edge at each station end, rearward of this point, the suction—
alr veloclty would increase as the negative section pressures decrease.
Such a calculation showed that the condition of constant porosity chord—
wise increased the flow coefficient required for a wing 1lift coefficient
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of Q.62 to 0.0005, or 10 times that for the case of constant suction—
alr veloclties at all chordwlse points. A comparison of the flow coef—
ficients for the two conditions of chordwise variation of suction—eir
velocity is shown as a function of 1ift coefficient in figure 13.

In summery, therefore, the application of the theory to the 63°
swept-back wing indicates that, to obtain a 1lift coefficient of 0.62
without separation, full—span area suction 1s required; the chordwise
extent of the suction varies from about 3.2 percent at the tip to about
0.8 percent at the root. The flow coefficient required is indicated to
be 0.00005 if constant velocities are obtained, and 0.0005 1f the porosity
of the surface is equal at all points on the chord of a particular section.

Experimental Results of Area Suction

The experimental investigetion was undertsken with two end points
In view: <first, to determine 1f the concept of area suction was valld in
tie case of the swept wing, and second, to relate qualitaiively the
results to those anticipated from theoretical considerations. The first
point is relatively simple to determine since any significant delay in
the occurrence of separation would serve as proof. The second is con—
slderably more difficult for several reasons. The theory requires that,
for a desired value of 1lift coefficient, precise distribution of suction
area and suction velocities be obtalned. A test model thus designed for
one value of 11ift coefficient would be too inflexlble in construction
to make a general study of the applicabllity of ares suction. Further,
it was considered likely that three-dimensional effects would cause the
results to deviate from theory and a study of conditions other than those
of the design point would be required. The preliminery studies were
therefore made with only an approximation of the required distribution of
suction area and with little or no attempt to control the spenwise or
chordwise distribution of suction velocity. Only qualitative agreement
with theory can therefore be expected.

Full-span area suctlion.— The theory indicated that, to meke sppre-—
cisble gains in the 1ift coefficlent without separation, it would be
necessary to apply suction to the full span of the wing; thus a mejority
of the tests were made with full—span area suction. The effects of three
variatlons of chordwise extent of area suction were investigated; these
distributions corresponded approximately to those required by theory to
give 1lift coefficients of Q.45, 0.55, and 0.65. The three distributions
are tabulated in the followling table:
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Model Percent local streamwise chord
configuration 0.30 /2| 0.45 b/2| 0.60 b/2| 0.75 b/2| 0.90 B/2
A,Cp = 0.65 1.5 1.9 2.5 3.5 3.5
D,Cp, = .55 1.0 1.5 2.5 2.5 2.5
E,Cp, = .45 5 .7 1.0 1.5 1.5

The 1ift, drag, and plitching-moment characteristics for each configura—
tion with the flow coefficient near the maximim obtainable are shown in
Pigure 14(a). It can be seen that for the respective configurations the
1ift coefficient of 0.45 was exceeded; whereas the lift coefficient of
0.55 was Jjust obtained, and the 1lift coefficient -of 0.65 was not reached
with the available flow coefflcient before separation occurred.

The effect of reduced flow coefficients (fig. 14%(b)) in two cases
showed that the lift coefficient of 0.55 was still obtained on configura—
tion D, but a sharp drop in 1lift coefficlent occurred with decreased flow
coefficient in the case of configuretion A. It was evident, therefore,
that the maximum useful flow coefficlent was reached in the first case
but not in the second, and further gains should result if the flow coef—
ficient could be Increased for configuration A.

The construction of the pump was altered to allow higher flow coef—
ficlents to be obtained. With the increased flow, additiomal tests were
made of configuration A. Figures 15(a) and (b) show the longitudinal
characteristics of the model for various flow coefflicients. It can be
seen that, at the maximm flow coefficient, the design 1ift coefficient
was reached and it appears that greater flow quantities would produce
further gains in 1ift coefficient. It 1s also evident that relatively
small decreases in flow quantity result in significant reductions of the
gains due to the application of suction in the case where the flow coef—
ficlent is marginal as was the case in the tests.

It is of Interest to compare the total flow coefficlent estimated
by theory to that actually used even though no attempt was made to control
the flow distribution in this case. From figure 13, a value of 0.00065
(assuming constant porosity) is showm to be required to reach a lift
coefficient of 0.67; whereas 0.0029 was required in the experimental inves—
tigation. Howsver, it must be pointed out that the chordwise extent of
erea suction was greater at all points along the span in the actual inves—
tigation then the estimated values taken from figure 11. Also it wes
clear from the examination of the duct pressures that excess alr was
removed from all the sections inboard of ‘{D—-percent span. Therefors, it
seems safe to assume that, if the model had more accurately met the condi-
tions of theory,the experimental flow quantity would be closer to that
given by theory.

U
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The application of ares suction markedly affected the section char—
acteristics as can be seen by s comparison of the section pressure dis—
tributions with suction applied (fig. 16) to those with no suction
applied (fig. 7). The data of figure 16 were obtained with the suction—
area distribution of configuration A and a flow coefficient of 0.0029.
The maximum peak negative pressures reached with suction applied were
approximately four times as great as the maximum pesk pressures reached
on the basic wing. The first occurrence of separation was still of the
leading—edge type, but the progression of separation chordwilse was
altered considerably, The pressure distributions show no large chord—
wise redistribution of the section load prior to an angle of attack of
20.49; the section 1lift curves (fig. 17) remain linear to higher section
1ift coefficients than on the basic wing (fig. 8). For example, at the
T5=-percent—spanwise gtation where satisfactory suction—alr velocitles
were maintained, the section 1lift (based on free—stream velocity) was
increased from sbout 0.4 to about 0.9 before separation occurred, as
indicated by nonlinearity of the section lift—curve slope. The maximum
section 1ift coefficient attained was limited by leading—edge separation;
whereas two—dimensionsl data of thin ailrfoil sections with boundary-layer
control applied by either porous suction (reference 3) or through the use
of a slot near the leading edge (reference 7) showed the maximum 1ift to
be limited by tralling—edge separation., It might be expected, therefore,
that further gains can be made on the wing of the sub)ect investigation.

Separation spread spanwise from the tip of the wing to the root-in
about the same increment of angle of-attack on the wing with suction as
on the basic wing: Due to the changes in the sectlon characteristics,
however, there was no rearward movement of the wing aerodynsmic center.

Partisl—span srea suctlon.— In view of the possibility of strong
three—dimensional effects on the wing, not teken into account by theory,
some tests were mede with suction epplied to only the outboard portions
of the wing. The spanwlse extent of area suctlion was varied from the
outboard 7-1/2 percent (the minimum extent) to the outboard 80 percent
of the wing (the maximum partisl-span extent).

In general, the max imum delays in separation were smell and of the
same order ag predicted by theory. For instence, theory indicates that
with suction applied only over the outboard L0 percent of the span
unseparated flow would be maintailned ta a lift coefficlent slightly less
than 0.4. It can be seen in figure 18* that with suction applied to the
outboard 40 percent of the span (configuration C, fis. 2) evidence of
gseparation appeared between 1lift coefficients of 0.35 and 0.4,

*In figure 18 there is some variation of basic-wing data compared with
thet of figure 6. This is due to an external reinforcing covering
thet was placed over the porous surface at the inboard sections of the
wing for the tests at the particular time.

SHIER I
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For purposes of comparilson, the data obtained with full-span sppli-
cation of suction are included in figure 18. In each case the chordwise
extent of area suction over the cutboard 40 percent of the span is the
same. The total flow coefficients are not the same, but if the total
area of suction is taken into account In each case, the average suction—
air velocities at the surface would be greater for the case with suction
applied only over the outboard 40 percent of the span.

From the visual cbservations of the pressure distributions for all
the spanwise extents of area suction tested, it was apparent that the
outboard sections where suction was applied did reach higher angles of
attack without separation. The inboard sections, however, where suction
was not applied, showed evidence of separation at the same angle of attack
as for the basic wing. This can be seen in figure 19 by comparing the
pressure dilstribution of a section at 30—percent span when partial—span
suction was applied with the pressure distribution when full—span suction
was applied.,  For an angle of atiack of 11. 5° separation had occurred
when partial-span suction wes epplied, but had not occurred when full—
span suction was applied.

The investigation reported in reference 8 disclosed that removing eir
at the root of a swept—forward wing had a strong three—dimensional effect
on the occurrence of separation on the entire wing. If such a phenomenon
were to exist on a swept-back wing, presumebly it would occur with suction
confined to the tip. Such was not found to be the case, however, in the
present investigation. This may be due to the fact that a gquantity of air
was removed at a rate of less than 3 pounds per second; whereas in the
case of the swept—forward wing about 30 pounds of air per second was
removed.

Variation of the porosity of the surface.— In the development of the
theory, the suctlion—eir velocities were assumed to be equel at all chord-—
wise points. Since the efficiency of the system would be higher with the
lower total—flow coefficient obtainable in this manner, several attempts
were made to vary chordwise the porosity of the surface in order to attain
more uniform suction—eir velocities. The surface was doped with asircraft
dope 1n a stepwise manner with the number of coats of dope increasing from
two to five from the leading edge to the rearmost point of the chordwise
extent of the suction area. The purpose of this was to approximate the
gradual change in porosity that would give equal suction—eir velocities
at all points on the chord. Figure 20 shows data obtained from test of
one of the .configurations (configuration ¥, fig. 2). Also shown in this
figure are data obtained from tests of the configuration with the same
distributlian of suctlion area, but having no variation of porosity. It
can be seen that the sams 1ift coefficlent was obtained prior to separa—
tlon in each case but at a lower flow coefficient (Ch = 0.0021 compared
to Cq = 0.0023) for the condition of varying porosity. It must be noted,
however, that the attempts made thus far have been preliminary and are
not conclusive. Further research should be undertaken to investigate
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fully the possibility of reeslizing ms jor reductions in flow coefficient
with proper varlatlion of the porosity of the surfeace.

CORCLUSIONS

The following conclusions were drawn from thé results of the wind—-
tunnel investigation of area suction applied in the reglon of the leading
edge of a 63° swept—ba.ck wing to delay separation of the air flow:

1. The effectiveness of area suction and its applica.bility to three—
dimensional swept-wings wepe verified by the delay in the occurrence of
leading-edge separation. Force test data showed that significant improve—

ments In the drag and pitching-moment Characteris'tics of the wing resulted

from the delay of leading-edge separation.

2. The largest :meroveménts on the longitudinal characteristics were

made with the chordwise extent of area suctlon varied approximately
linearly from about 1.2 percent of the streamwise chord at the root to 3.5
percent at the T5-percent spanwise station and then held constant at a
value of 3.5—percent from 75—percent span to the tip. With this distribu—
tion of area suction and a flow coefficlent of 0.0029 the effects of sepa—
ration were delayed from & 1ift coefficient of 0.25 on the basic wing to a
1ift coefficlent of 0.67 with suction.

3. The spanwise and chordwise extent of suction area required to
delay the occurrencé of sSeparation to a given 1lift were in general agree—
ment with that predicted by theory. The total quantity of flow required
in the investigation was considerably higher than that predicted by
theory. It 1s believed that inadequate control of the distribution of
suction-air velocitles is responsible in lerge measure for this dissgree—
ment.

~

A.mes Aeronautical Leborsatory, '
Nationel Advisory Committee for Aercnautics,
Moffett Field, Calif.
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APPENDIX .

THWATTES' THEORY OF AREA SUCTION

The theory of area suction developed by Thwaites in reference 2 is
included in this appendix for convenient reference. In reference 9, '
Thwaites derived the momentum equation of the boundary layer for a flat
plate with a veloclty vg(x) normal to its surface. By use of the
Navier—Stokes equation for viscous fluids In steady two—dimensional flow

in the form of
du du auv  3d%u .
u$+v§—y-=Ua-x-+V?- (l)

and the equation of continulty

g-x‘l+%=d (2)

the momentum equation of the boundary layer can be derived (see refer—

ence 9) thus,

ag _ B_u)
oot (8*+26)+I]2£—WO(X)U+V ay ¥=0 (3)

where U!' 1is the total derivative of U with respect to x. This equa—
tion 1is also derived in reference 10.

The velocity normael to the surface wo(x) is assumed to be equal to
W, end to be constant chordwise. At the limit ¥y = 0 equation (1)

becomes
W (%)FO - U0 +v (g‘g o (%)

Boundary—layer velocity profiles tend to the form of a Blasius pro—
file at the leading edge of a plate in a uniform stream. Consequently,
the analysis of reference 9 introduces the Blasius equations in the fol—

lowing form

g_;> = 0.22053% | (5)
y=0
Fu _
<5F o 0 (6)

Substitution of equations (5) and (6) in equation (%) gives

Vo <o.22053%>= Uo
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from which
‘W
U' = 0.22053 59- . (7)

Bubstitution of equation (7) in equetion (5) gives

3 Uy
(& IR (8)

Substitution of equation (8) in equation (3) gives

éa (0. 22053 W, oo
' g 2 Oy -
TtU(E+2) 6 + U ( _ ) w°U+v<ﬁ.—o )

from which

022053w°U—<U'>- o [l—(H+2) 0.22053 ] +—U|

or

~0.22053 w, U (g ; = wo [1 - (B42) 0.22053] + 3= U (9)

| Equation (9) is the momentum equation of the boundary layer having a

- BHlaslus velocity profile. For a Blaslus profile, H has the value of
2.5911, but in order to continue the analysis the value of H 1s taken
equal to 2.53453 to make the term [l — (H+2) 0.22053] equal to zeroc.
Since the difference between the two values of E 1s smmll, then the
momentum equation can be represented by the following equation with but
small error

O 453453 =0, H = 2.53453 (10)

o)z Vo U’

Equation (10) can be integrated to obtain the following:

U, +1I-531|-53———logU+Cl=_-_-Q (11)

The value of Ci in equation (I1) is determined by setting the limit
= O in equation (7) from which U' =« and U = Up,, vhere Upy, 1is

the meximum local wvelocity. Thus

-Cl = =4 ,53453 ;‘V_a_ log Ugay
o
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Substituting this value in equation (11) gives

- %T + k.53453 #(1@ U — log Umax> =0 (12}
from which
1+ 553453 YL 10g —— =0 (13)
'H’oa Uma,x .

Equation (13) can be integrated to obtain the following:

Vv .
—=x + 4.53453 e (U log U—-T -0 log g, +C2) =0 (1k)

The value of Cz is determined from the condition thet at x =0

U= U hence Cz2 = U, Equation (14) then becomes

X

h.kv<U1 U—U1>=o
Umax+ 23%33 Wwo2 \ Upax o8 Upax Umax+

- or

T2 L' g __U
= 4.531;53(%“ log g— — g * 1) (15)

This equation expresses the relation between & veloclty gradlent U/ Upax
as a function of (x) and the suction-eir velocity required to maintein a
Blasius boundary—layer profile in that velocity gradlent. Values of the
parameter xw. 2/VU pay for values of U/ Upsy are given in the follow—
ing teble: .

U/T oy xw02/ VU pax
e
1.0 0]
.9 .0234
.8 L0974
.7 .2282
.6 <4240
N 6957
A 1.0587
<35 1.2813
.3 1.5363
.25 1.8294
2 2,1680
A5 2.5639
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The velocity distribution outside the boundary layer U in this
case (fig. 21) 1is similar to that neer the leasding edge of an airfoil at
high 1ift coefficlents. Due to this similerity, the profile for this _ _
speclal type of flow can be used to estimate the flow quantities necessary
to maintaln unsepsrated flow on an airfoll section at high 1ift coeffi—
clents. : oo- ' T . .

CONFIDENTIAT
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TABIE T
IOCATION OF PRESSURE ORIFICES
Spenwise positions® Ch?rd.wise po::gi;nsz of orifices
of orifices on upper ower surfaces
at each station)®
Station number | Percent semispan Orifice number Percent chord*
1 30 0
2 45 .25
3 60 50
i 7 .
5 90 .

« o 2

Wooooo0000O0OOUWOMLIMO

R e e el ol ol o o o
RobaLhaGRFObRBomaovrwm b

BB ESIBYEYBEE vrwm

lSpanwlse positions are measured perpendicular to the plane of symmetry.
EChordwise positions are measured in percent of the streamwise chord.

On all stations, orifice 8 on the lower surface was omitted.

40n station 3, upper—surface orifice 10 was located at 12.5-percent chord.
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Figure [|.—Geomelric characteristics of the 63° swepl-back
wing with fuselage.
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Flgure 2.— Schematic drawing of the extent of porous area irsed in various configurafions.
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Figure 3.—Schematic drawing of the air ducts within the wing.
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Figura b~ The 63° svept-back wing with fuselage mounted in the Ames 40— by 80-foot wind tumnel.
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Figure 5 — Calibration of suction-air velocities for various por-
ous surfaces with no fangential velocities on the oufer surface.
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Pressure coeéfficient, P

Unflagged symbols indicafe
upper surface.

Flagged symbols indicate
lowsr surface.

Chordwise station, x/c

(a) a= 00" A

Figure 7 —Chordwise pressure distributions of the €63°
swepi-back wing. No suction.
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Figure

7 — Continuad.
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Figure 7 —Confinued.
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Figure 7 —Conftinued.
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Unflagged symbols indicale
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Figure 7.—G‘a'nfinuea’.
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Figure 7 —Continved.
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Unflagged symbols indicale
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Flagged symbols indicate
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Figure [6~Chordwise pressure distribufions of the 63°
swepf-back wing with area suction. C, =0.0025.
Configuration A.
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